Adenovirus E1B proteins (19,000-molecular-weight [19K] and 55K proteins) inhibit apoptosis and cooperate with adenovirus E1A to induce full oncogenic transformation of primary cells. The E1B 19K protein has previously been shown to be capable of activating transcription; however, the underlying mechanisms are unclear. Here, we show that adenovirus infection activates the c-Jun N-terminal kinase (JNK) and that the E1B gene products are necessary for adenovirus to activate JNK. In transfection assays, we show that the E1B 19K protein is sufficient to activate JNK and can strongly induce c-Jun-dependent transcription. Mapping studies show that the C-terminal portion of E1B 19K is necessary for induction of c-Jun-mediated transcription. Using dominant-negative mutants of several kinases upstream of JNK, we show that MEKK1 and MKK4, but not Ras, are involved in the induction of JNK activity by adenovirus infection. The same dominant-negative kinase mutants also block the ability of E1B 19K to induce c-Jun-mediated transcription. Taken together, these results suggest that E1B 19K may utilize the MEKK1-MKK4-JNK signaling pathway to activate c-Jundependent transcription and demonstrate a novel, kinase-activating activity of E1B 19K that may underlie its ability to regulate transcription.
The adenovirus (Ad) E1B 19,000-molecular-weight (19K) protein functions to protect cells from apoptosis during an Ad lytic infection (8, 47) . This antiapoptotic activity of the E1B 19K protein is also essential for its cooperation with Ad E1A proteins to induce full oncogenic transformation of primary rodent cells (8, 47) . The E1B 19K oncoprotein is functionally homologous to the mammalian Bcl-2, both of which can act to suppress apoptosis (7, 47, 64, 66) . Both Bcl-2 and the E1B 19K protein have been shown to interact with a common set of cellular proteins, including the apoptotic inducer Bax (21) , Bak (15) , Bik/Nbk (4, 22) , and Nip 1, 2, and 3 (5) , and these interactions are believed to be important for the biological functions of both proteins. Another important activity of the E1B 19K protein is its ability to regulate transcription. The E1B 19K protein can specifically block tumor suppressor p53mediated transcriptional repression, and this ability of E1B 19K in part underlies its ability to inhibit p53-induced apoptosis (49, 55) . E1B 19K can also activate enhancer-dependent transcription (74) . In contrast, E1A represses viral and cellular enhancers, and this inhibitory effect is achieved at least in part by targeting the transcriptional cofactor p300 (14) . The transcriptional antagonism between E1A and E1B 19K may be important for the maintenance of a balanced transcriptional program that is critical for a successful adenoviral infection and for the E1A-and E1B-induced oncogenic transformation. Although it has been known for some time that E1B 19K can function as a transcriptional regulator, the mechanisms by which it regulates transcription are largely unknown. In this report, we show that E1B 19K can strongly activate transcription mediated by c-Jun, and we investigate the mechanism by which E1B 19K induces c-Jun-dependent transcription. c-Jun belongs to a family of related proteins that includes JunB and JunD. These proteins can heterodimerize with the Fos family of transcription factors to form what is known as the AP-1 transcription factor (1) . Previous work has shown that c-Jun-dependent transcription is stimulated by c-Jun N-terminal kinase (JNK), which is also known as stress-activated protein kinase (SAPK) (12, 33) . JNK was first characterized as a mitogen-activated protein kinase (MAPK) family member that binds c-Jun and phosphorylates serines 63 and 73 located within the transactivation domain of c-Jun (12, 33) . Phosphorylation of these serine sites results in increased transactivation potential of c-Jun (12, 24) . The substrates of JNK have now been extended to include other transcription factors, such as ATF-2 (19) and Elk-1 (6) . The activity of JNK is regulated by dual phosphorylation on specific threonine and tyrosine residues by MKK4 (otherwise known as SEK1) (13, 40) . MKK4, in turn, is activated by the upstream protein kinase MEKK1 (13, 35, 70) . Growth factors such as epidermal growth factor (EGF) and activated Ras that lie further upstream of this signaling pathway appear to stimulate MEKK1 and subsequently downstream JNK through GTP-binding proteins such as Cdc42 and Rac1 (10, 43) and Rho (61) .
In this study, we report that Ad infection of human cells results in the activation of JNK during the later stages of infection. Analysis of Ad early-region mutants suggests that E1B proteins are required for JNK activation. Subsequent transfection assays demonstrate that E1B 19K is sufficient to induce JNK activation. This JNK activation is accompanied by a strong induction of c-Jun-dependent transcription. Interestingly, full induction of c-Jun-dependent transcription by E1B 19K is only partially dependent on c-Jun phosphorylation (Ser63 and Ser73) by the activated JNK. We show that the transcriptional cofactor p300 can synergize with E1B 19K to activate c-Jun-mediated transcription, suggesting that p300 may play a role in the full induction of c-Jun-mediated transcription by E1B. To investigate the biochemical mechanisms by which E1B 19K activates c-Jun-dependent transcription via activated JNK, we analyzed the effect of known upstream JNKactivating kinases. Our results show that activation of c-Jundependent transcription by E1B 19K involves MEKK1 and MKK4, two JNK upstream activating kinases. However, Ras is not involved, suggesting that E1B 19K activates JNK in a manner that is different from that of growth factors. The kinase dependence of E1B 19K in activating c-Jun-dependent transcription is in contrast to the Ad E1A proteins which repress c-Jun-mediated transcription by physically interacting with the coactivator p300. Taken together, our results identify a novel biochemical activity of E1B 19K, i.e., its ability to activate JNK, which may represent a potential molecular mechanism that underlies the transcriptional activation activity of E1B 19K.
RESULTS

Ad activates JNK activity.
To determine whether Ad can induce JNK activity, HeLa cells were infected with wild-type Ad and immunocomplex kinase assays were performed at various time points postinfection. As shown in Fig. 1A , a 17-fold increase in endogenous JNK1 activity was observed at 14 h postinfection, and this activity continued to increase by as much as 60-fold at 48 h postinfection. Mock-infected HeLa cells did not show any elevation of JNK1 activity at any time points (Fig. 1A , lane 1, and data not shown). The level of endogenous JNK1 kinase activity at 48 h postinfection was close to that observed in cells that were irradiated with 40-J/m 2 UV light (Fig. 1A, lane 7) . Immunoblot analysis of the lysates with an anti-JNK1 polyclonal antibody shows that JNK1 protein levels remain roughly constant in Ad-infected cells ( Fig.  1B) , indicating that the observed increase in JNK1 activity is not due to a change in the protein level. These results demonstrate that Ad activates JNK1 in HeLa cells at late stages of infection.
Since HeLa cells contain the human papillomavirus type 18 early gene products E6 and E7 (54), we asked whether Ad can activate JNK1 in another human cell line, C33A cells, that lacks HPV E6 and E7 (71) . As shown in Fig. 2A , Ad infection strongly activates endogenous JNK1 in both HeLa and C33A cells, indicating that HPV E6 and E7 are not involved in the observed JNK activation. The expression levels of endogenous JNK1 remain unchanged in cells infected with Ad (data not shown), suggesting that JNK1 activation is not due to an increase in the protein level. In addition, as shown in Fig. 2B (lanes 1 and 2), Ad infection strongly activates the HA epitopetagged JNK1 (HA-JNK1) that is transfected into HeLa cells. We further show that a catalytically inactive form of JNK1, JNK1 APF, in which the dual phosphorylation sites Thr183 and Tyr185 have been mutated to alanine and phenylalanine (12) , cannot be activated by Ad infection, as shown by its inability to phosphorylate GST-c-Jun (aa 1 to 79) (Fig. 2B , lane 4). This result suggests that Ad is likely to activate an upstream kinase (MKK4, for example) that phosphorylates and activates JNK at these sites. Additionally, the HA-JNK1 immunocomplex isolated from Ad-infected HeLa cells failed to phosphorylate the GST-c-Jun Ala 63 and 73 mutant (Fig.  2B , lane 5), suggesting that Ser63 and Ser73 of c-Jun are the target residues for JNK1 that is activated by Ad. Taken together, the above data indicate that Ad activates JNK indirectly by activating kinases upstream of JNK.
Activation of JNK by Ad occurs through stimulation of upstream JNK kinases. A cascade of events involving activation of multiple kinases led to JNK activation. The JNK activating kinases include MKK4/JNKK/SEK1 (13, 40) and MEKK1 (44, 51) , as well as further upstream GTPases, such as Ras (Ha-Ras) (12, 43) and the rho subfamily of GTPases (Rac1 and Cdc42) (10, 43) . We investigated whether Ad-induced JNK activation was a direct effect on JNK or whether activation of kinases upstream of JNK were involved. We tested various dominant-negative mutants of JNK upstream kinases, includ-ing a dominant-negative mutant of Ras, for their abilities to block Ad-induced JNK activation. MKK4 is a protein kinase that phosphorylates and activates both JNK and p38 MAPK (13, 46, 51) , while MKK3 is a specific activator of the p38 MAPK (46) . MKK4 (Ala) and MKK3 (Ala) are the dominantnegative mutants of MKK4 and MKK3, respectively, in which the activating dual phosphorylation sites have been mutated to alanine) (46, 67) . As shown in Fig. 3A , compared with the pcDNA3 vector control, cotransfection of MKK4 (Ala) and MKK3 (Ala) reduced the ability of Ad to activate JNK1 from 34-fold activation to 5-and 13-fold, respectively (compare lanes 4 and 6 with lane 2). The inhibition of Ad-induced JNK activation by MKK4 (Ala) suggests that MKK4 is one of the downstream kinase targets for Ad and lends further support that JNK stimulation by Ad is not direct and occurs by activation of an upstream kinase. The inhibition of Ad-induced JNK activation by MKK3 (Ala) may be due to its ability to sequester common upstream MAPK kinase kinases that activate both JNK and p38 signaling pathways (46) . Consistent with this idea, MEKK1, the upstream activator of MKK4 (44, 51) , appears to be involved in Ad-induced JNK activation, since the dominant-negative mutant of MEKK1, i.e., MEKK1 K432M (lysine 432 converted to methionine) (40, 44) , significantly inhibits JNK activation in Ad-infected cells ( PCNDA3 represents empty vector control. Twenty-four hours after transfection, the cells were mock infected or infected with wild-type Ad for 24 h. Immunocomplex kinase assays were then performed. The fold increase in HA-JNK1 activity above the basal level in mock-infected cells was determined by densitometry. (B) HeLa cells were transfected with dominant-negative Ras (10 g) or dominant-negative MEKK1 (MEKK1 K432M [2 g]) along with HA-tagged JNK1 (1 g) prior to infection with wild-type Ad. Immunocomplex kinase assays were performed as described for panel A. Results represent three experiments. lanes 2 and 3). However, the Ras N17 mutant efficiently inhibited EGF-induced JNK enzymatic activity in HeLa cells (data not shown). These results suggest that Ad activates JNK1 through a MEKK1-MKK4 pathway. In this regard, it is interesting to note that Ras functions as an upstream activator of JNK in response to growth factors (44) but does not appear to be involved in mediating Ad-induced JNK activation. This suggests that Ad and EGF induce the MEKK1-MKK4-JNK signaling cascade by different mechanisms.
E1B proteins are necessary for JNK1 activation by Ad. To identify the viral proteins that are responsible for JNK activation during Ad infection, we analyzed Ad mutants that carry deletions of individual early regulatory genes. As shown in Fig.  4A , mutations of E2, E3, and E4 regions did not affect the ability of these Ad mutants to activate JNK1 (lanes 5, 6, and 7). However, deletion of E1A (dl312) or E1B (dl339) severely impaired the ability of the mutant viruses to activate JNK1 (Fig. 4A , compare lanes 3 and 4 with lane 2 [64-fold activation for the wild type, but 1.3-and 3-fold for dl312 and dl339, respectively]). The lack of JNK activation in these cells was not due to changes in the JNK protein level, as shown by Western blot analysis (Fig. 4B ). This suggests that the Ad E1 region is necessary for activating JNK1.
This E1 region encodes both E1A (12S and 13S proteins) and E1B (55K and 19K) proteins (for reviews, see references 16, 56, and 68). E1A is necessary for the activation of other viral genes, including that of E1B during infection, while one of the main functions of E1B proteins is inhibition of apoptosis (8, 47) . To determine which of these two viral gene products might be responsible for JNK activation, we first analyzed the expression of E1A and E1B proteins during Ad infection. Figure 5A shows that Ad infection of HeLa cells results in activation of endogenous JNK during later time points in infection and that this activation correlates with the expression of E1B 19K. As shown in Fig . At time points when JNK1 enzymatic activity was high, JNK1 protein levels remained relatively constant ( Fig. 5D ), indicating that the increase in JNK1 activity was not due to an increase in levels of the protein.
These results suggest that the E1B proteins are the likely candidates that induce JNK activation during Ad infection.
To further define the role of E1A and E1B in JNK1 activation, we analyzed the ability of these proteins to activate JNK in transient transfection assays. As shown in Fig. 6 , transfection of E1B 19K together with HA-JNK1 resulted in an increase in JNK1 activity comparable to that of Ad-infected HeLa cells ( Fig. 6 , compare lane 4 with 2). In contrast, cotransfection of 13S E1A had no effect on JNK1 activity (Fig. 6 , lane 5). Taken together, these results suggest that E1B 19K, but not E1A, is directly responsible for the activation of JNK1 during viral infection. Since E1A is essential for the transcriptional activation of E1B, the fact that the E1A-negative virus fails to activate JNK1 is likely due to the inability of this mutant virus to synthesize sufficient amounts of E1B. The ability of E1B 19K to activate JNK is not restricted to the JNK1 isoform. Transient transfection experiments show that E1B 19K also activates HA-JNK2 (data not shown). Therefore, our results show that both JNK isoforms can be activated by E1B 19K. Lastly, we found that the E1B 55K protein can also activate JNK in transfection experiments but that maximal activation of JNK by E1B 55K may require additional adenoviral gene products (data not shown).
Activation of c-Jun-dependent transcription by E1B 19K. It is well-documented that JNK activation leads to phosphorylation of c-Jun at Ser63 and Ser73 within its transactivation domain that results in a significantly enhanced transcriptional activity of c-Jun (12, 33) . Therefore, we examined whether E1B 19K also activates c-Jun-dependent transcription as a result of its ability to activate JNK. As shown in Fig. 7 , E1B 19K significantly enhanced GAL4-c-Jun-mediated transcription compared with CMV vector control (compare lanes 1 and 2 [37fold increase]). This effect of E1B 19K appeared to be most pronounced for GAL4-c-Jun, while transcription mediated by GAL4-JunD and GAL4-Elk-C was unaffected ( Fig. 7 , lanes 15 to 18). The inability of E1B 19K to induce transcription mediated by these transcription factors is not due to an inherent defect of these proteins to activate transcription, since GAL4-JunD can activate transcription on its own while constitutively activated MEKK1 strongly induces GAL4-Elk-C activity (data not shown). E1B 19K also moderately stimulated transcription mediated by GAL4-v-Jun and GAL4-JunB (lanes 11 to 14), but the level of activation was not as robust as that for GAL4c-Jun.
To determine the mechanism by which E1B 19K activates GAL4-c-Jun-dependent transcription, we analyzed a series of GAL4-c-Jun mutants. As shown in Fig. 7 , the ability of E1B 19K to activate transcription mediated by c-Jun is significantly impaired by mutations of the JNK phosphorylation sites in c-Jun (GAL4-c-Jun Ala63 and 73; compare lanes 2 and 4). This suggests that JNK activation is important for E1B 19K to activate c-Jun-mediated transcription. Consistent with this idea, other deletion mutants of c-Jun (Fig. 7, lanes 5 to 10) as well as v-Jun (Fig. 7, lanes 11 to 12) , all of which lack a binding site for JNK, also show a significantly reduced response to E1B 19K compared to wild-type GAL4-c-Jun (compare lanes 6, 8, 10, and 12 with 2). Taken together, these results suggest that E1B 19K specifically activates c-Jun-dependent transcription by activating JNK.
As described earlier, MEKK1 is critical for Ad to activate JNK (Fig. 3B, lane 4) ; therefore, we tested whether MEKK1 was also important for E1B 19K to activate c-Jun-dependent transcription. As shown in Fig. 8 , the dominant-negative mutant MEKK1 K432M significantly reduced GAL4-c-Jun-mediated transcriptional activation by E1B 19K (compare lanes 2 and 3 [24-fold activation in its absence versus 3-fold activation in its presence]). In contrast, MEKK1 K432M failed to interfere with GAL4-Sp1Q2-dependent transcription (Fig. 8 , lanes 5 and 6), suggesting that the inhibition of E1B 19K-induced, c-Jun-dependent transcription is not due to a general inhibition of transcription by the MEKK1 dominant-negative mutant. The inhibition of GAL4-c-Jun-mediated transcription by MEKK1 K432M was also not due to inhibition of E1B 19K protein expression, since Western blot analysis indicated that E1B 19K protein levels did not change in the presence or absence of MEKK1 K432M or of other inhibitors [e.g., MKK4 (Ala) and Ras N17] used in this study (data not shown). As expected, the Ras dominant-negative mutant (Ras N17), which did not affect the ability of Ad to activate JNK, also failed to inhibit E1B 19K-induced, GAL4-c-Jun-dependent transcription (data not shown). In summary, these results suggest that E1B 19K activates JNK via the MEKK1-MKK4 pathway, and one of the downstream consequences of this JNK activation is the stimulation of c-Jun-dependent transcription.
Analysis of E1B 19K mutants for activation of GAL4-c-Junmediated transcription. As mentioned earlier, E1B 19K cooperates with E1A in transformation assays (8, 60, 66) , probably due to its ability to inhibit apoptosis (8, 49, 60, 66) . To determine whether the induction of GAL4-c-Jun-mediated transcription by E1B 19K contributes to its ability to inhibit apoptosis and to induce transformation, we tested several previously described E1B 19K transformation-defective mutants for their abilities to induce c-Jun-mediated transcription (8, 39, 60, 66) . As shown in Fig. 9A , most of these mutants (PM51, PM87, PM102, and dl aa 90 to 96]) can induce c-Jundependent transcription like the wild-type E1B 19K protein. In addition, they can also potently activate JNK ( Fig. 9C and data not shown). These results suggest that activation of JNK and FIG. 6. Activation of HA-JNK1 by transfected E1B 19K. HeLa cells were transfected with either CMV vector control or E1B 19K or 13S E1A expression plasmid (10 g each) together with HA-tagged JNK1 (1 g). Forty-eight hours after transfection, the cells were harvested for immunocomplex kinase assays. For infection experiments, HeLa cells were transfected with HA-JNK1 prior to infection with Ad for 24 h and were then lysed for immunocomplex kinase assays. The fold increase in HA-JNK1 activity above the basal level in either mockinfected cells or in cells transfected with CMV empty vector was determined by densitometry. Results represent three experiments. Wt, wild type. c-Jun-mediated transcription by E1B 19K may not be critical for its transformation and antiapoptotic activity.
Among all of the transformation or apoptosis mutants tested, only one E1B 19K point mutant (123,124 WR-AS) showed a compromised ability to induce JNK activation and GAL4-c-Jun-mediated transcription ( Fig. 9A and C) . This defect is not due to the lack of stable protein expression, since Western blot analysis indicated that this mutant (123,124 WR-AS) is expressed at levels comparable to that of the wild-type protein (Fig. 9B) . The electrophoretic mobility of E1B 19K 123,124 WR-AS was slower than those of other point mutants, consistent with the observations of others (60) . The alteration in mobility may suggest additional posttranslational modifications of this particular mutant (60) . Taken together, our results suggest that there is no simple correlation between the ability of E1B 19K to activate JNK and c-Jun-mediated transcription and the ability to inhibit apoptosis and to induce transformation.
Analysis of a number of E1B 19K deletion mutants showed that E1B 19K from aa 1 to 146 but not from aa 1 to 88 can induce c-Jun-dependent transcription (Fig. 9A ), suggesting that the region between aa 88 and 146 is necessary for E1B 19K to induce c-Jun-dependent transcription. However, it appears that the BH (Bcl-2 homology) domain 3 of E1B 19K is not involved in the activation of GAL4-c-Jun-mediated transcription, since the E1B 19K mutant with a deletion from aa 90 to 96 lacks this domain and is capable of inducing GAL4-c-Jun-mediated transcription at levels comparable to that of the wild-type protein (Fig. 9A) .
Synergistic activation of c-Jun-mediated transcription by p300 and E1B 19K. As shown in Fig. 7 , although mutations of the JNK phosphorylation sites in c-Jun significantly reduced the ability of c-Jun to respond to E1B 19K-induced transcriptional activation, these JNK phosphorylation-defective c-Jun mutants still responded to E1B 19K, albeit at a lower level (8-fold versus 40-fold activation of the wild-type c-Jun). This suggests that additional factors are involved in E1B 19K-induced, c-Jun-dependent transcription. Previously, we and others have shown that p300 can act as a transcriptional cofactor for c-Jun (3, 37, 59) . Therefore, we tested whether p300 plays a role in the response of GAL4-c-Jun-mediated transcription to E1B 19K. The amounts of E1B 19K and p300 were titrated to give low levels of activation of GAL4-c-Jun-mediated transcription in order to observe potential additive or synergistic effects of p300 and E1B 19K. As shown in Fig. 10A , cotransfection of E1B 19K and p300 together resulted in a further increase of approximately 10-fold in reporter activity compared with either alone (compare lanes 4 with 2 and 3) , suggesting that E1B 19K and p300 can synergistically activate c-Jun-mediated transcription. This synergistic effect of E1B 19K and p300 appears largely independent of JNK phosphor-ylation of c-Jun at Ser63 and 73, since E1B 19K and p300 also synergistically activated transcription mediated by the c-Jun mutant (c-Jun [aa 1 to 223] Ala63 and 73) which no longer could be phosphorylated by JNK at these sites (Fig. 10A, lanes  6 to 8) . In contrast, JunD-mediated transcription was mildly activated by E1B 19K or p300 alone, and the combined effect of E1B 19K and p300 appears to be additive rather than synergistic (Fig. 10A, lanes 10 to 12) . Finally, E1B 19K 123,124 WR-AS, which was defective for JNK activation and induction of GAL4-c-Jun-mediated transcription (Fig. 9A and 9C) , did not synergize with p300 to activate GAL4-c-Jun-mediated transcription (Fig. 10B, compare lanes 8 and 4) . Taken together, our results suggest that as a cofactor for c-Jun, p300 may play a role in E1B 19K-induced GAL4-c-Jun-dependent transcription.
DISCUSSION
The Ad E1B proteins play an important role in the inhibition of E1A-mediated apoptosis during a productive infection of human cells and in the transformation of primary rodent cells (64) (65) (66) . It is believed that the ability of E1B proteins to regulate transcription is important for this biological activity (49, 72, 73) . Therefore, understanding the mechanisms by which E1B proteins regulate transcription is of particular importance. In this report, we have described a potential molecular mechanism that underlies the ability of the E1B 19K protein to activate c-Jun-dependent transcription, i.e., the involvement of a MEKK1-MKK4-JNK signaling pathway. The dependence of a signaling cascade to activate transcription suggests that E1B 19K regulates transcription in an indirect manner, as opposed to a direct protein-protein interaction in the case of regulation of p53 by E1B 55K (53, 72) . Analysis of dominant-negative mutants of upstream activating kinases of JNK reveals the involvement of MKK4 and MEKK1 but not of the further upstream GTP-binding protein, Ras, in E1B 19Kinduced JNK activation and subsequent c-Jun-mediated transcription. Investigation of c-Jun-dependent transcription in response to E1B 19K shows that JNK phosphorylation of c-Jun at Ser63 and 73 is critical but cannot account for the full activation induced by E1B 19K. We have provided evidence that p300 can synergize with E1B 19K to activate c-Jun-mediated transcription, suggesting that p300 may play a role in this activation process. Taken together, our results demonstrate a novel activity of E1B 19K, i.e., its ability to activate a signaling pathway that leads to an alteration of transcription.
Activation of JNK by Ad E1B 19K. Previous studies showed that Ras and members of the Rho subfamily of GTPases, Rac1 and Cdc42, are involved in JNK activation in response to growth factors or Ha-Ras (10, 43) . The results from the present study suggest that the GTP-binding protein Ras is not involved in Ad-induced JNK activation (Fig. 3B) . Therefore, the immediate target(s) for Ad-induced activation of the MEKK1-MKK4-JNK signaling pathway appears to be different from that of growth factors. Recently, additional kinases that can act upstream of the MEKK1-JNK pathway have been described, including MUK (25), Tpl-2 (50), HPK-1 (26, 32) , and MLK-3 (63) . It is possible that these kinases are stimulated by Ad, resulting in the subsequent downstream activation of JNK. Alternatively, Ad may inhibit a phosphatase(s) such as MKP-1 which has been shown to regulate JNK (18) .
Mutations of individual Ad early regulatory genes identified the E1 gene products as being important for activation of JNK by Ad (Fig. 4) . Subsequent transfection experiments demonstrated that the E1B gene products (E1B 19K and E1B 55K) but not E1A were important for JNK activation. The ability of 19K (2 g) , GAL4-c-Jun (1 g), and GAL4-E1BCAT (10 g) were cotransfected into HeLa cells, along with either CMV␤ vector control or CMV␤ p300 expression vector (2 g each). The results are the means plus or minus the standard deviations from three independent transfections and CAT assays. CAT activity in the presence of CMV vector control was normalized to 1. V, CMV empty vector; E, E1B 19K; P, p300. (B) Wild-type E1B 19K but not E1B 19K 123,124 WR-AS synergizes with p300 to activate GAL4-c-Jun-dependent transcription. Wild-type E1B 19K or E1B 19K 123,124 WR-AS was cotransfected with GAL4-c-Jun, CMV␤ HA-p300, and GAL4E1BCAT into HeLa cells as described above. Results are the means plus or minus standard deviations from three independent transfections and CAT assays. CAT activity in the presence of CMV vector control was normalized to 1. V, empty vector; E, wild-type E1B 19K; P, p300; EM, E1B 19K 123,124 WR-AS. E1B 19K to activate JNK is correlated with an increase in c-Jun-dependent transcription, which is blocked by the MEKK1 dominant-negative inhibitor that abrogates Ad-induced JNK activation. These results strongly suggest that E1B 19K activates JNK via the MEKK1-MKK4 signaling pathway, which results in activation of c-Jun-dependent transcription.
What are the immediate effectors of E1B 19K that lead to JNK activation? E1B 19K has been shown to interact with a number of apoptosis-inducing proteins including Bax (21) , Bak (15) , and Bik/Nbk (4, 22) , as well as cellular proteins that are termed Nip 1, Nip 2, and Nip 3 (5) . Many of the E1B 19K mutants that have been shown to interact poorly with Bax (21) or Bik/Nbk (4, 22) were strong activators of GAL4-c-Junmediated transcription in the present study, suggesting that interaction with these proteins is not involved in JNK activation by wild-type E1B 19K. Nip 1 has been demonstrated to share some homology with the catalytic domain of three mammalian calcium-calmodulin-dependent cyclic nucleotide phosphodiesterases; Nip 2 has strong homology to RhoGap (5), whereas Nip 3 has homology to a rat calbindin D protein, which may have some role in mitochondrial function (5) . However, the activation of JNK does not appear to correlate with Nip binding, since the E1B 19K mutant with a deletion from aa 90 to 96 strongly activated GAL4-c-Jun-dependent transcription in our study but was found to bind poorly with Nip proteins in the other study (5) . As a result, the immediate targets leading to activation of the MEKK1-MKK4-JNK pathway by E1B 19K remain to be determined.
As described above, the E1B 19K protein is not the only adenoviral protein capable of activating JNK. We have also observed that in transient transfection experiments, the E1B 55K protein alone can activate JNK, but at a level lower than that of E1B 19K. Interestingly, E1B 55K can fully complement the Ad E1B mutant dl339 to activate JNK activity to a level that is comparable to that of the wild-type virus (54a). This result suggests that unlike E1B 19K, E1B 55K may induce maximal JNK activation in cooperation with another viral gene product, possibly the E4 34K protein which can complex with E1B 55K in Ad-infected cells (52) . In parallel with the activation of JNK, we have also observed induction of c-Jun-mediated transcription by E1B 55K (54a). Whether the mechanism of activation of c-Jun-dependent transcription by E1B 55K is the same as that of E1B 19K is currently under investigation.
Mechanisms that underlie the ability of E1B 19K to activate c-Jun-mediated transcription. The ability of E1B 19K to activate c-Jun-dependent transcription is specific, since it does not augment transcription mediated by other activators such as GAL4-JunD, GAL4-Elk-C ( Fig. 7) , or GAL4-Sp1Q2 (data not shown). This argues against the possibility that E1B 19K might e increasing c-Jun-dependent transcription by stabilizing transfected plasmid DNA (23) . The data presented in the present paper strongly suggest that E1B 19K induces c-Jun-mediated transcription by activating the JNK pathway. This is supported by the observation that all E1B 19K mutants that can activate JNK also activate c-Jun-mediated transcription, while the E1B 19K mutant (123,124 WR-AS) which is defective in JNK activation is also defective in the induction of c-Jun-dependent transcription. It is not clear why the E1B 19K 123,124 WR-AS mutant is defective in JNK activation and induction of GAL4c-Jun-dependent transcription. One possibility is that this mutant protein is mislocalized in the cells (60, 65) . Alternatively, the inability to induce GAL4-c-Jun-mediated transcription may be due to posttranslational modifications specific to this mutant ( Fig. 9B) (60) .
The activation of c-Jun-mediated transcription by E1B 19K involves at least two components (depicted in Fig. 11 ). The first is the activation of JNK by E1B 19K and the subsequent phosphorylation of c-Jun at Ser63 and Ser73. The second component is independent of JNK phosphorylation of c-Jun. The existence of the second component is suggested by the observation that a c-Jun point mutant (Ser63 and 73 to Ala63 and 73) as well as c-Jun gross deletion mutants (aa 43 to 223 and aa 56 to 223) is still able to activate transcription in response to E1B 19K. These gross deletion mutants lack the JNK binding site and therefore cannot be phosphorylated by JNK at either the major site Ser63 and 73 or at minor sites such as Thr91, Thr93, or Thr95 (24) . In addition, E1B 19K also activates JunB-and v-Jun-mediated transcription, despite the fact that neither of these two Jun proteins is a JNK substrate (12, 24, 30, 31) . Therefore, additional factors must be involved in the full induction of c-Jun-mediated transcription by E1B 19K.
Since p300 significantly augments GAL4-c-Jun-mediated transcription in response to E1B 19K, it is possible that p300 is part of this second component that leads to full, E1B 19Kinduced c-Jun-mediated transcription. How E1B 19K synergizes with p300 to activate c-Jun-mediated transcription is not clear at this time. We have been unable to detect any physical interactions between E1B 19K and either p300 or c-Jun (unpublished results), suggesting that E1B 19K may be exerting its effects through either intermediary proteins and/or through signaling molecules. It is possible that E1B 19K functions to facilitate recruitment of p300 by c-Jun and/or to induce posttranslational modifications of p300 that may increase its transcriptional activity. Consistent with the involvement of a signaling pathway in the synergism between E1B 19K and p300, we observed that the MEKK1 dominant-negative mutant can completely abrogate the ability of E1B 19K to induce c-Jun-dependent transcription (Fig. 8 ). Furthermore, E1B 19K 123,124 WR-AS, which was defective for JNK activation, was unable to synergize with p300 to activate GAL4-c-Jun-dependent transcription (Fig. 10B ). We are currently investigating the possibility that the observed synergism involves activation of the MEKK1-JNK pathway by E1B 19K, which then leads to the posttranslational modification not only of c-Jun but also of p300. We speculate that the posttranslational modifications of both p300 and c-Jun enhance the interaction between both proteins as well as the overall transcriptional potency of the c-Jun-p300 complex. In this regard, it is interesting to note that the p300-related protein CBP has been shown to be phosphorylated by MAPK in vitro and that this phosphorylation event may be responsible for an increased transcriptional activity of CBP in vivo (27) .
The ability of the E1B 19K protein to regulate transcription has been reported previously, e.g., E1B 19K can activate virus (e.g., simian virus 40 [SV40] and the polyomavirus enhancer) and cellular enhancer-driven transcription (49, 58, 74) . Interestingly, E1A has been shown to repress the SV40 enhancer, and this repressive effect seems to be achieved by inactivating the transcriptional cofactor p300 (14) . In light of our finding that p300 and E1B 19K can synergize to activate c-Jun-mediated transcription, it is possible that activation of the SV40 enhancer by E1B 19K and repression of the enhancer by E1A may both involve p300. Recently, E1B 19K has been shown to augment p53-mediated transactivation and to alleviate p53-mediated transcriptional repression (49, 55) . Like c-Jun, p53 also utilizes p300 as a cofactor to activate transcription (2, 17, 38) . Taken together, it is possible that the ability of E1B 19K to regulate transcription and to antagonize the transcriptional effects of E1A may involve p300 and specific signaling molecules.
Lastly, it is interesting to note that not all transcription factors that are substrates for JNK are affected by E1B 19K. For instance, we show that E1B 19K does not affect GAL4-Elk-1-dependent transcription despite the fact that Elk-1 is a JNK substrate (6) . Although the underlying mechanisms are currently unclear, this observation is not unprecedented. Previously, it has been reported that v-src activates JNK and GAL4-c-Jun-mediated transcription but has little effect on transcription mediated by ATF-2 (69) . It is possible that the specificity of E1B 19K for c-Jun is related to its ability to activate specific isoforms of JNK. At least 10 isoforms of JNK have been identified, and comparisons of their binding activities demonstrate that the JNK proteins differ in their interactions with ATF-2, Elk-1, and Jun transcription factors and that each JNK group may target specific transcription factors selectively (18) .
At present, the biological significance of E1B 19K-induced JNK activation and increase in c-Jun-mediated transcription is not known. We have tested several mutants of E1B 19K that are defective either for cooperativity with E1A in transformation assays or for inhibition of either tumor necrosis factor alpha (TNF-␣) or cisplatin-induced apoptosis (8, 60, 66) and found that most retained the ability to activate JNK and GAL4-c-Jun-dependent transcription (Fig. 9A and C and data not shown). Only one E1B 19K point mutant, 123,124 WR-AS, shows a parallel defect in activating JNK-c-Jun-dependent transcription, in inducing transformation, and in inhibiting cisplatin-induced apoptosis (60) . Taken together, it appears that there is no simple correlation between the ability of E1B 19K to induce JNK activation and c-Jun-dependent transcription and its ability to inhibit apoptosis or to induce transformation in cooperation with E1A. In further support of the possibility of a dissociation between these two activities of E1B 19K, we found that the dominant-negative MEKK1 inhibitor does not block the ability of E1B 19K to inhibit TNF-␣-induced apo-ptosis (data not shown). Similarly, the activation of GAL4-c-Jun-mediated transcription by E1B 19K does not appear to be related to its ability to inhibit NF-B activity, since the mutant E1B 19K 123,124 WR-AS was defective in inducing both JNK activation and GAL4-c-Jun-dependent transcription ( Fig. 9A and C) but is fully active in NF-B inhibition (39) . Currently, we are investigating whether activation of JNK and c-Junmediated transcription by E1B 19K may play a role in adenoviral lytic infection.
In summary, we have identified a molecular mechanism that underlies the ability of E1B 19K to activate c-Jun-dependent transcription. The ability of E1B 19K to activate c-Jun transcription is indirect and involves the MEKK1-MKK4-JNK pathway, p300, or possibly other c-Jun coactivators such as the recently identified Jun-activating-domain-binding protein 1 (JAB1) (9) . It will be interesting to determine whether this is a general mechanism underlying E1B 19K-mediated transcriptional activation. Previous work has provided ample evidence that Ad E1A and E1B antagonize one another by converging on cellular targets such as p53 (11, 42, 72) . Our findings suggest that c-Jun may be another such cellular factor upon which the opposing activity of E1A and E1B converge and that the balance of these two regulatory pathways may be critical for viral lytic infection and/or viral oncogenesis.
